Vertical metal-insulator-graphene (MIG) diodes for radio frequency (RF) power detection are realized using a scalable approach based on graphene grown by chemical vapor deposition 
Introduction
Diodes are key components for radio frequency (RF) electronic devices. They are typically used as non-linear devices for RF signal detection in RF receivers, for frequency multiplication and signal up/down-conversion, or for RF energy harvesting applications. [1] [2] [3] [4] [5] The performance of a diode is defined by the diode's non-linear characteristic and the maximum operation speed, which is usually given by the transit time of charge carriers or the resistance-capacitance (RC) product. Currently semiconductor p-n junction based diodes and Schottky diodes are dominating RF applications because of their excellent non-linear characteristic, well controlled processing technology and high RF bandwidth. [3] [4] [5] However, in recent years, there was a growing interest in metal-insulator-metal (MIM) diodes for future RF applications, since MIM diodes i) are expected to operate at higher frequencies because of the very low series resistance and ii) can be fabricated with thin-film processing techniques, mandatory for applications on alternative substrates as glass or plastic, as needed in e.g. flat plane display applications. [6] [7] [8] [9] [10] [11] However, their performance in terms of nonlinearity and static performance is still behind traditional semiconductor based diodes.
Recently a metal-insulator-graphene (MIG) diode has been reported based on mechanically exfoliated graphene, demonstrating higher static performance in terms of nonlinearity and asymmetry compared to state-of-the-art MIM diodes [12] because of a bias induced barrier height modulation at the graphene-insulator interface. However, operation at RF has not yet been demonstrated for MIG diodes and it remains unclear if such high performance can also be achieved by using large scale graphene.
In this work, we report on the scalable fabrication and characterization of MIG diodes based 
Results and Discussion
A schematic cross section of the MIG diode is shown in Fig. 1a , comprising an embedded metal electrode, a TiO 2 barrier layer and graphene contacted by a metal electrode on top. The choice of such a geometry has been motivated by the fact that high quality TiO 2 barrier layer can be grown directly on the metal using plasma assisted ALD, while avoiding the challenging and less reproducible deposition of thin dielectric layers on top of graphene. The MIG diodes were fabricated on a high-resistivity Si substrate (resistivity ~ 5 kΩ·cm) with 1 µm thermal SiO 2 in order to minimize the parasitic capacitance through the substrate. The entire fabrication process was performed using optical contact lithography. As first step 200 nm deep trenches were etched into SiO 2 by reactive ion etching (RIE) for the deposition of the embedded metal electrodes. With the same resist mask, the trenches were then filled with a stack of 180 nm Al and 20 nm Ti using e-beam evaporation, followed by lift-off. A layer of 6 nm TiO 2 was subsequently deposited by ALD at 300°C using an oxygen plasma process with titanium tetrachloride (TiCl 4 ) as precursor. Vias through the TiO 2 layer were opened by sputtering with Ar plasma and subsequently sealed with 20 nm Ni without breaking the vacuum. Commercially available graphene grown by CVD on copper foil (Graphenea SE) was transferred onto the sample using PMMA as a supporting layer [13] . (the area of the diode is 140 µm 2 ), much higher compared to that of the state-of-the-art MIM or MIG diodes (see Table 1 ). The ideality factor  of the MIG diode is 1.7, extracted according to the following relationship [14] ln ∝  B (1) where e is the elementary charge, k B is the Boltzmann constant and T is the temperature. The lowering, which explains the high on-current for the diode at forward bias. All of the above explains the experimentally observed asymmetry in the I-V characteristic. We note that for MIG diodes the ideality factor depends on the bias dependent barrier height from the graphene side. The ideality factor is expected to become 1 for Φ ∝ , which is only the case if the geometric capacitance is significantly larger than the quantum capacitance of graphene.
In our case an ideality factor of 2 is expected according to the simulations, which is in good agreement to the experimental value of 1.7.
In order to evaluate the MIG diode for the application in rectifiers or power detectors, the typical FOMs are extracted from the I-V characteristics, [7, 9, 11] in particular, the asymmetry of a diode defined as
where J F and J R are the current density for forward and reverse bias, respectively, the nonlinearity as
where J is the current density of the diode, and the responsivity as
As shown in Fig. 2a , the I-V characteristics exhibit a clear asymmetry, with f ASYM increasing for increasing biases, reaching a maximum value of 270 at 1.1 V bias, as shown in Fig. 3a .
The extracted NL is a measure of the deviation of the diode performance from the linear behavior. As shown in Fig. 3b , the nonlinearity increases with the bias voltage, reaching a maximum of 11 at 0.7 V. The maximum responsivity of 24 V -1 is obtained at 0.2 V (see figure   3c ).
We have also performed a statistical investigation of the extracted FOMs on a total of 11 devices from one single chip, including the one shown in Figs Table I , and compared to state-of-the-art MIM and MIG diodes. It is clearly demonstrated that even the obtained average values for on-current density, nonlinearity, and responsivity outperform all the MIM and MIG diodes.
To demonstrate power detection at RF frequencies, we used the setup illustrated in Fig. 5a . A
Rohde & Schwarz ZVA-50 vector network analyzer was used as a calibrated power source with known incident power for the frequency range from 2 GHz to 50 GHz. The incident power is coupled with a DC bias to the diode using a bias tee. Impedance matching is used to match the input of the diode to the incident RF signal. In order to measure the DC signal resulting from the rectification of the RF signal, we use a low pass filter at the output of the 
